Shale gas has become a new sweet spot of global oil and gas exploration, and the large amount of flowback water produced during shale gas extraction is attracting increased attention. Internal recycling of flowback water for future hydraulic fracturing is currently the most effective, and it is necessary to decrease the content of divalent cations for eliminating scaling and maintaining effectiveness of friction reducer. Zeolite has been widely used as a sorbent to remove cations from wastewater. This work was carried out to investigate the effects of zeolite type, zeolite form, activation chemical, activation condition, and sorption condition on removal of Ca 2þ and Mg 2þ from shale gas flowback water. Results showed that low removal of Ca 2þ and Mg 2þ was found for raw zeolite 4A and zeolite 13X, and the efficiency of the mixture of both zeolites was slightly higher.
INTRODUCTION
Energy shortage in the early 1970s and the subsequent increase in natural gas prices spurred the USA to fund projects of unconventional sources such as shale gas (GWPC & ALL Consulting ). Driven by horizontal drilling and hydraulic fracturing techniques, shale gas is efficient and clean burning, emitting approximately half the greenhouse gas when compared with burning coal (Laurenzi & Jersey ) . Thus, shale gas is one of the most rapidly expanding trends in oil and gas exploration and production today. As the first country to drill shale gas, the production of shale gas and oil shale in the USA in 2015 reached 13.6 trillion cubic feet, approximately 50% of its total gas production (US Energy Information Administration ). The drilling and completion of wells require large quantities of water, ranging from 7,700 to 50,000 m 3 per well (Vengosh et al. ) .
However, 38% of shale resources are in areas that are either arid or under high to extremely high levels of water stress (Reig et al. ) . Following hydraulic fracturing, large volumes of injected water is returned to the surface. The volume of flowback water, which was dependent on shale formation characteristics and operation parameters during development of the well, might reach to 1,000 m 3 /d during the first several days (GWPC & ALL Consulting ). During the flowback period, which usually lasts up to 2 weeks, the percentage of flowback water to total fracturing fluids varies significantly, ranging from less than 5% to 70% (GWPC & ALL Consulting ). Flowback water, which typically contains not only the chemicals used in the fracturing process but also elevated levels of total dissolved solids (TDS) (Barbot et al. ) such as salts, metals, oils, greases and soluble organic compounds, is challenging and costly to treat. The current options for flowback wastewater primarily include treatment, discharge and deep-well injection (GWPC & ALL Consulting ). Internally recycling the flowback water for future fracturing operations is gaining more attention in the shale industry (Jiang et al. ) because it can both reduce the volume of the wastewater and save the consumption of water resource. For example, most of flowback water was assumed to be recycled (95%) in the Marcellus shale play (Clark et al. ) . The key water quality parameters of concern for recycling include scaling, plugging and fouling agents, the TDS (Acharya et al. ) . The divalent cations in the flowback water can potentially form stable carbonate and sulfate precipitates in the wellbore (e.g., CaCO 3 , BaSO 4 ), reducing gas production from the well (Gregory et al. ) , and high calcium concentrations may lead to calcite formation. In addition, cations may hinder the inversion of friction reducers and cause loss of efficiency of friction reduction to below 30% (Zhou et al. ) .
Depending on the quality of the flowback water, pretreatment including adsorption to reduce the divalent cation concentration may be necessary (Gregory et al. ) . Due to its specific physico-chemical properties (e.g., high cation-exchange ability and molecular sieve properties), accessible source and low cost, zeolite has been widely used as an adsorbent to remove cations in water and wastewater treatment (e.g., acid mine drainage, landfill leachate and nuclear wastewater) (Wang & 
MATERIALS AND METHODS

Materials and chemicals
Unless otherwise stated, chemicals employed in this study were analytical pure grade. NaCl and NaOH were purchased from Tianjin Zhiyuan Chemical Regent Limited Company (Tianjin, China) and Kelong Chemical Reagent Factory (Chengdu, China), respectively. Ultrapure water was obtained from a water filtration system (ULUPURE, Chengdu, China) with a conductivity of 0.055 μS/cm. Two types of commercial zeolites: molecular sieve 4A (known as sodium zeolite A) and molecular sieve 13X (also called zeolite NaX) were purchased from Shanghai Jiading Zhengda Molecular Sieve Limited Company (Shanghai, China). According to the supplier, the original zeolites (i.e., zeolite 4A and zeolite 13X) were spherical, with particle sizes of 2-5 mm. Thus, the materials passing through 5-mm sieves and being retained in 2-mm sieves were selected. Flowback water provided by the China National Petroleum Corporation (CNPC) was from a shale gas well in Changning (Sichuan, China). The main water quality parameters of flowback water samples from six shale gas wells in the Sichuan basin and the specific well in this study are summarized in Table 1 . As presented in Table 1 The TDS of shale gas flowback water was approximately 20,000 mg/L, which was similar to that in Fayetteville shale (25,000 mg/L), but was much less than that in Marcellus shale play (∼180,000 mg/L) in the USA (Vengosh et al. ) . This is probably due to the difference in shale formation and operational parameters during hydraulic fracturing.
Experimental protocol
The effects of zeolite type, zeolite form, activation chemical, activation condition and sorption condition on the removal of Ca 2þ and Mg 2þ were investigated as follows.
(a) When zeolite type was taken into account, the 4A zeolite, the 13X zeolite and a mixture containing 50 wt% of zeolite 4A and 50 wt% of zeolite 13X were used as sorbents to compare their sorption performance. (b) Regarding the activation chemicals of zeolites, the sorbents were added into NaCl and/or NaOH solutions with given concentrations (0.5-2 mol/L) to activate zeolites. The activation experiments were carried out under dynamic or static conditions. The dynamic activation was achieved by Flowback water from a specific shale gas well used in the present study.
continuous stirring using a stirrer (Model: JJ1) (Changzhou Aohua Instrument Co., Ltd, Jintan, China) at a speed of 300 r/min in a conical flask, while the static activation was performed by soaking statically without stirring. The activation process lasted for 6-24 h. All the modified zeolites were washed with deionized water thoroughly until the pH was around 7. Following this, the activated zeolites were dried in an oven (Model: DHG-9240A) (Shanghai Qiyin Scientific Instrument Co., Ltd, Shanghai, China) at 120 W C for 1 h, and then cooled to room temperature in a desiccator. (c) To investigate the role of activation conditions in divalent cation removal, sorption tests were carried out using different doses of zeolites after static activation and dynamic activation. Here, static activation was performed under static conditions for 24 h, while dynamic conditions included 12-h stirring and 12-h standing. (d) For sorption conditions, the performance of the static sorption and dynamic sorption using activated zeolites was investigated. (e) With respect to zeolite form, the original zeolites (i.e., a mixture of both 4A and 13X) after activation are referred to as granulated ones, and these zeolite samples were ground using a pestle and mortar to obtain a size fraction below 100 μm, hence referred to as powdered zeolites. Then, the sorption behaviors of both granulated zeolites (i.e., activated zeolites) and powdered zeolites were evaluated. Unless otherwise specified, sorption experiments were performed by adding exactly 2 g zeolites into 200 mL shale gas flowback water. The sorption tests were carried out in the shale play field, at a temperature of 21.2 W C and pH of 7.2. Previous tests demonstrated that there was no significant increase in the removal of Ca 2þ and Mg 2þ using zeolites when contact time exceeded 24 h; therefore, the sorption experiments were completed in the sorption time within 24 h in this study.
Analytical method
After sorption for a special time (3-24 h), the zeolite particles were removed by filtering the mixed solutions through 0.45 μm cellulose filters, and Ca 2þ and Mg 2þ concentrations in the filtrate were measured using an inductively coupled plasma optical emission spectroscope (Model: ICS-1100) (Thermo Fisher Scientific, MA, USA).
All the analyses were done in triplicate. The initial concentrations of Ca 2þ and Mg 2þ in the shale gas flowback water were 168.11 ± 2.31 and 25.64 ± 1.57 mg/L, respectively. To quantify the sorption performance of zeolites, the removal of cations (i.e., Ca 2þ and Mg 2þ ) was calculated by the following equation (Erdem et al. ) :
where C 0 is the initial cation concentration (mg/L) and C e is the cation concentration after sorption (mg/L). The particle sizes of zeolites were determined by sieves with different meshes (Shanghai Jinyan sieve factory, Shanghai, China). When the granulated zeolites were ground into powder, the particle sizes were measured using a Mastersizer 2000 (Malvern Instrument Ltd, Malvern, UK) after ultrasonic pretreatment to disperse the zeolite in deionized water.
To statistically evaluate the effects of activation condition on divalent cation removal, a two-way analysis of variance (ANOVA) was conducted using SPSS Statistics software (IBM Corp., Armonk, USA).
RESULTS AND DISCUSSION
Effect of sorbent type
To investigate the effect of sorbent type on the removal of Ca 2þ and Mg 2þ in flowback water, 2 g of zeolite 4A, zeolite 13X and the mixture of 50% (wt%) zeolite 4A and 50% (wt%) zeolite 13X (i.e., 1 g zeolite 4A and 1 g zeolite 13X) were used as sorbents. Figure 1 illustrates the removal of Ca 2þ and Mg 2þ in shale gas flowback water for these zeolites after static sorption for 3, 12 and 24 h. As presented in Figure 1 (a), there was no significant difference in Ca 2þ removal between zeolite 4A and zeolite 13X. When contact time extended from 3 to 24 h, the average removal of Ca 2þ for zeolite 4A ranged from 2.68% to 19.95%, and the values for zeolite 13X increased from 3.30% to 21.69%. Similar results were found for the sorption performance of Mg 2þ in shale gas flowback water, as shown in Figure 1 (b).
When contact time increased from 3 to 24 h, the removal of Mg 2þ ranged from 3.08% to 10.88% for zeolite 4A, and slightly higher removal was observed for zeolite 13X with values of 4.80-11.70%. As for the effect of both zeolite 4A and zeolite 13X, the highest Ca 2þ removal was observed for the mixture of both zeolites at each contact time (3, 12 and 24 h), and the removal increased from 5.03% to 10.36% and 24.69% for contact time extending from 3 h to 12 and 24 h, respectively. Similarly, higher Mg 2þ removal for the mixture of both zeolites (7.84%-17.32%) than a single zeolite was also observed (Figure 1(b) ). Thereby, a synergistic effect for both zeolite 4A and zeolite 13X on the removal of divalent cations was observed, as shown in Figure 1 . The synergistic effect of two adsorbents (e.g., crystalline silicotitanate and ferrihydrite) on metal species removal (i.e., Co 2þ , Sr 2þ and Cs þ ) in nuclear plant laundry wastewater treatment was also reported in previous literature (Weerasekara & Choo ) . Therefore, the mixture of zeolite 4A (50 wt%) and zeolite 13X (50 wt%) was used in the following sections due to the increased sorption performance of Ca 2þ and Mg 2þ .
Effect of chemical activation
Considering the low removal of Ca 2þ (<25%) and Mg 2þ (<20%) using the original zeolites (i.e., zeolite 4A or 13X) (Figure 1) , activation of the zeolites was carried out to improve their sorption performance. As natural zeolites are usually modified by chemicals or heating (Malamis & Katsou ; Wen et al. ), chemical activation was performed in this work in order to obtain a better sorption behavior. To be specific, NaCl solution, NaOH solution and their mixtures with different concentrations (0.5-2 mol/L) were used. Firstly, the original zeolites (i.e., the mixture of 50 wt% zeolite 4A and 50 wt% zeolite 13X) were added into these solutions, and the process of activation was performed under static conditions (i.e., static activation). Then, 2 g of activated zeolites were added into 200 mL shale gas flowback water in conical flasks and stirred at a speed of 300 r/min for 6 h. In addition, the original zeolites were added into the flowback water, as reference. Figure 2 presents the sorption behaviors of Ca 2þ and Mg 2þ for zeolites activated using NaCl or/and NaOH solution. Compared to the removal of Ca 2þ and Mg 2þ using the original zeolites (Figure 1 ), the divalent cation removal was greatly improved, as shown in Figure 2 . Regarding the sorption behavior of Ca 2þ in shale gas flowback water, a removal of approximately 58% was found for a single chemical (i.e., 1 mol/L NaCl or NaOH solution). As for Mg 2þ , the removal for zeolites activated using 1 mol/L ) about the higher removal of cations for zeolite using NaOH or NaCl activation than for that without activation. As also shown in Figure 2 , the sorption performance was further enhanced when the original zeolites were activated by solution containing NaCl and NaOH, and higher divalent cation removal was obtained with the increase in chemical concentrations. The average removal of Ca 2þ was 61.3% after activation using 1 mol/L NaCl and 0.5 mol/L NaOH, and the value reached 71.8% for the activated zeolites using 2 mol/L NaCl and 2 mol/L NaOH. Similar to Ca 2þ , higher removal of Mg 2þ was obtained for the zeolites which were activated using a mixture of both NaCl and NaOH solutions than with a single chemical. The removal of Mg 2þ using zeolite after activation using 1 mol/L NaCl and 0.5 mol/L NaOH was 55.20%. Activation using 1 mol/L NaCl and 1 mol/L NaOH led to a Mg 2þ removal of 67.60% and the highest removal of Mg 2þ (78.63%) was found when the solution containing 2 mol/L NaCl and 2 mol/L NaOH was used. The results obtained in this work indicated the synergistic effect of both Na-modified chemicals, thus the optimal activation chemical (i.e., the mixture of 2 mol/L NaCl and 2 mol/L NaOH) was used for the activation of zeolites.
Effect of activation conditions
Sorption tests under static activation and under dynamic activation at different doses of zeolites were carried out to investigate the effects of activation conditions on the removals of cations. Firstly, the zeolites were activated under static conditions or under dynamic conditions for 24 h, where dynamic activation was carried out by stirring at 300 r/min for 12 h and 0 r/min for another 12 h. Then, 2, 4 and 6 g of the activated zeolites was added into 200 mL shale gas flowback water in conical flasks for 18 h sorption under static condition. Figure 3 presents removed per unit mass of zeolite with the increase in zeolites was probably because the amount of sorbent (i.e., zeolite) added into flowback water exceeded the amount required. As presented in Figure 3(b) , similar to the sorption performance of Ca 2þ , when the doses of zeolites increased from 2 to 4 and 6 g, the ratio of Mg 2þ removed by zeolites after static activation increased from 12.91% to 31.71% and 77.73%, respectively; in comparison, the removal of Mg 2þ by zeolites modified under dynamic conditions increased from 21.37% to 38.69% and 83.66%, respectively. Furthermore, p values obtained from ANOVA (α ¼ 0.05) are also shown in Figure 3 . According to the p values above zeolite dose, there was no significant difference in Ca 2þ removal between static activation and dynamic activation, statistically (p>0.05) (Figure 3(a) ). At a dose of 2 g, the Mg 2þ removal under dynamic activation was higher than that under static activation by about 8.5%, while there was no significant difference in Mg 2þ removal between static activation and dynamic activation at doses of 4 or 6 g (p>0.05) (Figure 3(b) ). Overall, because 2 g zeolites were employed in this work, dynamic activation outperformed static activation in Mg 2þ removal, the dynamic activation (i.e., stirring for 12 h followed by standing for 12 h) was used in the following sections.
Effect of sorption conditions
Results obtained in Figures 1-3 also indicated the superior sorption behavior of dynamic sorption to static sorption. In this section, sorption tests under static and dynamic conditions were conducted to investigate the effect of sorption conditions on divalent cation removal for zeolites after dynamic activation. Figure 4 illustrates the removal of Ca 2þ and Mg 2þ in shale gas flowback water by activated zeolites for contact times ranging from 3 to 18 h. As presented in Figure 4( sorption (i.e., a high agitation speed), the boundary layer becomes thinner, which usually enhances the rate of solute diffusion through the boundary layer, and increases the external diffusion coefficient (Malamis & Katsou ) . The increase in stirring speed is associated with an increase in the rate of adsorption, particularly during the early stages of the process; a larger agitation speed greatly improved the sorption behaviors before equilibrium (Lin et al. ) . Therefore, an efficient disturbance (i.e., hydraulic method in this work) is necessary to obtain better sorption performance of Ca 2þ and Mg 2þ in shale gas flowback water.
Effect of zeolite form
Because the sorption performance of zeolites using dynamic activation was equal or superior to that using static activation statistically (Figure 3 ), original zeolites after 12-h stirring activation were referred to as granulated zeolites, and were then ground using a mortar to obtain powdered zeolites. Two grams of activated zeolites were added into 200 mL shale gas flowback water to investigate the effect of zeolite forms on divalent cation removal. Figure 5 illustrates the removal of Ca 2þ and Mg 2þ in shale gas flowback water by granulated and powdered zeolites. As presented in Figure 5( removal, and the differences between both zeolites gradually enlarged (from 13.76% to 60.69%) when the contact time increased (from 3 to 24 h) ( Figure 5(b) ). This observation demonstrated that zeolite forms (i.e., granulated or powdered) have an important role in removal of Ca 2þ and Mg 2þ from shale gas flowback water. The increased sorption of metal ions with decreasing zeolite particle size was consistent with the findings of Xu et al. () and Holub et al. () .
As the mean particle sizes of the granulated and powdered zeolites were 3.9 mm and 82 μm, respectively, the finer particles had larger external specific area per unit mass and less internal diffusion resistance, resulting in higher sorption performance (Xu et al. ; Holub et al. ) .
Implications for application
Zeolite has been widely used in the treatment of water (such as surface water and ground water) and wastewater (e.g., municipal wastewater, acid mine drainage, landfill leachate and nuclear wastewater) (Wang & Peng ; Wen et al. ) . Recently, zeolite has been demonstrated to be a potential adsorbent for the seawater desalination process by reducing seawater salinity (Wibowo et al. ) . In this work, the divalent cations in shale gas flowback water were effectively removed by zeolites, especially NaCl (and/ or NaOH) modified zeolites. Further, finer zeolites resulted in better sorption behaviors compared with larger zeolite particle sizes. Thus, high sorption performance (more than 80%) could be obtained by carrying out sorption tests under optimal conditions (e.g., activation and operation), and preparation of the powdered form ground from natural zeolites was necessary to further improve performance. Considering the low cost and easy access to zeolites, this is a promising technology for the removal of divalent cations in shale gas flowback water using zeolite for future fracturing operations. In the treatment of shale gas flowback water, granulated activated zeolites may be used as filtering media in a filter, and powdered activated zeolites can be employed as sorbents to remove divalent cations. Similar to the application of the conventional adsorbents (e.g., powdered activated carbon), powdered activated zeolites added into flowback water may be deposited along with flocs during the process of coagulation-sedimentation, or be retained by sand filters or low-pressure membranes (e.g., microfiltration or ultrafiltration). Ultrafiltration membranes have been widely used in wastewater recycling and the pretreatment of desalination membranes (such as reverse osmosis, forward osmosis and membrane distillation) in high-salinity water. Work on the performance of powdered activated zeolites -the ultrafiltration hybrid process in shale gas flowback water treatment -will be carried out in a further study.
CONCLUSIONS
The effects of zeolite type, activation chemical, activation condition, sorption condition and zeolite form on removal of Ca 2þ and Mg 2þ in shale gas flowback water were systematically investigated. The mixture of zeolite 4A and zeolite 13X slightly outperformed each sorbent in divalent cation removal, though the removal using raw zeolites was quite low. Compared with the raw zeolites, zeolites activated using NaOH and NaCl greatly improved the sorption behaviors in terms of Ca 2þ and Mg 2þ removal. The divalent cation removal of zeolites under dynamic activation were just 4.0-8.5% higher than that under static activation. Dynamic sorption outperformed static sorption in removing divalent cations, with the difference in Ca 2þ removal exceeding 40%, and 7-70% for Mg 2þ removal. Powdered zeolites outperformed granulated zeolites in divalent cation removal. Ca 2þ removal by powdered zeolites were higher than that by granulated zeolites by at least 20%, and the differences in Mg 2þ removal between powdered zeolites and granulated zeolites ranged from 14% to 61%.
